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0 semiconductor device using whiskers and manufacturing method of the same. 
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(5) A field effect transistor and a ballistic trans.stor 
u^ing semiconductor whiskers (1) each having a 
desired diameter and formed at a desired location, a 
semiconductor vacuum microelectronic device using 
the same as electron emitting materials, a l.ght emit- 
ting device using the same as quantum wires and 
the like are disclosed. 
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BACKGROUND OF THE INVENTION 

The present invention relates to a semiconduc- 
tor whisker, a semiconductor device using the 
same and a manufacturing method thereof, and 5 
more particularly to a semiconductor device having 
channels such as a field effect transistor (FET), a 
ballistic transistor and tho like, a semiconductor 
device having a needle-pointod electron emitting 
material such as a semiconductor vacuum 10 
microelectronic device and the like, a semiconduc- 
tor device having a quantum wire such as a light 
emitting element and the like, and a manufacturing 
method thereof. 

Fig. 47 and Fig. 48 show sectional views of is 
typical field effect transistors (hereinafter referred 
to as an FET) using a compound semiconductor 
which has been heretofore used. A case in which 
GaAs is used principally as a compound semicon- 
ductor will be explained hereafter with reference to 20 
Fig. 46 and Fig. 47. 

In an FET shown in Fig. 46, an n-type GaAs 
layer 4 is laminated first on a GaAs semi-insulating 
substrate 7, and an ohmic source electrode 5, a 
drain electrode 3 and a gate 2 for forming Schottky 25 
junction are formed thereon. A width of a depletion 
layer 9 is varied by changing a gate bias, thereby 
to control a three dimensional electron gas (3 DEG) 
flowing through a channel. Such an FET is called a 
MESFET in general. 30 

In an FET shown in Fig. 47, a first semiconduc- 
tor layer 4 composed of an undoped GaAs layer is 
formed on a GaAs semi-insulating substrate 7, and 
an n-AZGaAs layer 10 is formed further thereon. 
Then, highly doped layers S and D are provided 35 
while being separated from each other extending 
from the surface to the semiconductor 4, and a 
source electrode 5 and a drain electrode 3 are 
provided through ohmic junction on the surface 
with these doped layers S and D as a source and a 40 
drain. A two dimensional electron gas (2 DEG) 
produced along an interface between the undoped 
GaAs layer 4 and the n-A£GaAs layer 10 is used 
as a channel and controlled by a gate bias. Such 
an FET is generally called a high Electron Mobility 45 
Transistor (HEMT). With the change of the device 
structure from a MESFET to a HEMT f it has been 
noticed that electron mobility in the channel is 
improved remarkably and the operation speed of 
the FET is also improved. Further, in the HEMT 50 
itself, with the improvement of quality of crystal, 
the electron mobility has been increased year by 
year. However, the value of the electron mobility 
has also reached the upper limit at present, and 
transconductance has reached the upper limit al- 55 
ready, too, in accordance with the above. There is 
such a problem that the operation speed of an FET 
can not be increased any more because the tran- 



sconductance of a present FET has an upper limit 
as described above. 

While a demand for high speed performance of 
a device is increasing, an FET having a new struc- 
ture is demanded in order to break through this 
limit. As an FET for meeting such a demand, an 
FET using such a fine wire that electrons conduct 
themselves as a one-dimentional gas has been 
proposed as a channel in J.J.A.P., 12 (1980) pp. 
L735 - L738. When electrons running with momen- 
tum nk through a wire in a wire direction are 
scattered elastically by means of ionized impurities 
and the like in a fine wire confined with two dimen- 
sions, with the energy preserved low or the energy 
remained constant. Thus, the state of electrons 
after scattering only has ~ak momentum. Since 
such elastic scattering is accompanied by large 
momentum variation, it is foreseen that an elastic 
scattering rate is very small. Accordingly, it is ex- 
pected that electrons have very large electron mo- 
bility in such a fine wire. Further, if this fine wire is 
used as a channel, high transconductance may be 
expected because the electron mobility is high, 
thus making it possible to realize an FET which is 
superior in high-speed performance. As described 
above, several attempts have been made to form a 
fine wire in which electrons are confined with two 
dimensions, what is called a quantum wire, but 
such a technology that a two dimensional gas 
region formed with a HEMT structure is formed into 
a wire by nanofabrication is adopted principally. 
Therefore, damages induced during fabrication 
cannot be avoided. Thus, an FET having a quan- 
tum wire channel of high quality has not yet been 
obtained. 

Incidentally, the electron mobility of GaAs at 
room temperature is at 8.500 cm/Vs, but the mo- 
bility is lowered by means of impurity scattering 
because impurities are doped when a device is 
manufactured practically. 

The electron mobility in a channel having a 
donor impurity concentration at 1 x 10 l8 /cm 3 is at 
approximately 2,000 cmA/'s and lowered to 1.000 
cm/Vs and below at a base, etc. of a bipolar 
element having an impurity concentration at 1 x 
10 19 /cm 3 and higher, and the time required for 
electrons to pass through an operation layer gets 
longer by the portion which the mobility is lowered, 
and the operation speed of the element is slowed 
down. As a means for improving such drawbacks, a 
ballistic transistor has been proposed in Electronics 
Letters vol. 16 (1980) pp. 524 - 525. Fig. 48 shows 
an example of a device structure thereof. Since the 
mean free path of electrons in a GaAs crystal is 
approximately 200 nm in the case of an undoped 
crystal, electrons can pass through the channel at a 
high speed without being scattered when a channel 
length is made to 400 nm and less. This high 
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speed electronic conduction is referred to as ballis- 
tic conduction. When doping of impurities is per- 
formed for the purpose of reducing channel resis- 
tance, it is required to shorten the channel length 
by the portion that the mean free path of electrons 
is reduced in keeping with doping. 

A conventional semiconductor vacuum 
microelectronic device is described in "OHYO 
BUTSURI" (Applied Physics) vol. 59. No. 2. pp- 
164 - 169. 1990. 

Fig. 49 shows schematically a sectional struc- 
tural view of above-mentioned Si vacuum 
microelectronic device. The construction is com- 
posed of an emitter 101 composed of Si formed by 
utilizing anisotropic wet etching on a (100) plane of 
a Si substrate 100, an insulator 102 provided ar- 
ound the emitter, a gate 103 and an anode 104, 
and element operation is performed based on the 
same principle as a three polar vacuum tube. Here, 
since electrons emitted from the emitter 101 drift in 
vacuum until reaching the anode, some electrons 
travel faster than the drifting speed of electrons in 
a semiconductor in principle depending on the 
distance and the applied voltage between the an- 
ode and the emitter. For example, when a potential 
difference at 50 V is applied between two sheets of 
platelet electrodes placed in parallel with each oth- 
er at an interval of 1 um, electrons travel at a mean 
velocity of 2 x 10 s cm/sec. and the travelling time 
is 0.5 picosecond. Thus, a super high speed 
microelectronic device in the order of teraheltz may 
be realized with a microelectronic device having a 
dimension in the order of micron. Such a supper 
high speed microelectronic device cannot be re- 
alized in a conventional FET and hetero junction 
bipolar transistor (HBT) in which electrons drift in a 
semiconductor material. This is because of such 
reasons that drifting speed of electrons in a semi- 
conductor material is determined by a saturated 
speed and does not exceed a value roughly at 2 x 
10 7 cm/sec. 

A conventional quantum wire is disclosed in 
"Applied Electronic Material Property Sectional 
Committee, Research Report No. 425, pp. 11 - 16 
published by The Japan Society of Applied Phys- 
ics on Sept. 16, 1988". 

Above-mentioned quantum wire will be ex- 
plained with reference to Fig. 50. Fig. 50 is a 
schematic diagram showing a sectional structure of 
a GaAs quantum wire. As it is seen in Fig. 50, the 
GaAs quantum wire is formed inside a plurality of 
crystal layers composed of GaAs layers 322 and 
325 and At GaAs layers 323 and 324. 

This quantum wire is formed by making a 
peripheral portion of a two dimensional electron 
gas region utilizing hetero junction between GaAs 
and A I GaAs to have a high resistance by focused 
ion beam implantation into Si. In Ftg. 50, a region 



having a very small width W equal to approxi- 
mately 0.1 ixm which is not contained in a focused 
ion beam implanted portion 326 shows a quantum 
wire among a two dimensional electron gas region 
5 shown at 327. 

In Appl. Phys. Lett. Ert (1987) pp. 1518 - 1520, 
a method of forming a GaAs quantum wire by 
utilizing selective growth is disclosed. Fig. 51 is a 
schematic diagram showing a sectional structure of 
70 above-mentioned GaAs quantum wire. As shown in 
Fig. 51 , the GaAs quantum wire is formed inside a 
structure composed of a plurality of layers, GaAs 
layer 333 and A* GaAs layers 334 and 335. 

In above-described quantum layer, a two di- 
75 mensionai electron gas region 336 is formed by 
selective growth of GaAs and A i GaAs on a sub- 
strate 331. At this time, it is possible to make the 
height H of the undoped GaAs layer 333 small by 
making the width D of the selective growth portion 
20 to approximately 0.1 urn, thereby to reduce the 
region of the two dimensional electron gas 336. 
Thus, a quantum wire is obtained. 

Reduction in line spectrum width of an oscilla- 
tion light and lowering of threshold current density 
25 have been realized in recent years by using a 
semiconductor quantum well and a quantum wire in 
an optical device such as a semiconductor laser 
unit and by multi-dimensional quantum confine- 
ment effect of carriers. This fact brings about a 
30 preferable result as a light source of high perfor- 
mance in optical communication for instance. 

Variety of manufacturing methods have been 
proposed for such quantum wells and quantum 
wires, in particular, a semiconductor quantum wire 
35 is manufactured by applying nanofabri cation tech- 
nology such as etching and the like to principally a 
semiconductor such as GaAs (Appl. Phys. Lett. 41_ 
(1982) pp. 635 - 638). 

However, a quantum wire produced by such 
40 nanofabrication technology has a drawback that a 
plurality of damages are formed on a surface or an 
interface of the fine wire. Such a damage becomes 
a nonluminescent center in case of a photo emis- 
sion mechanism and lowers the luminous efficiency 
45 substantially. Accordingly, even if a semiconductor 
laser is produced for instance by utilizing such a 
quantum wire, highly efficient oscillation can not be 
generated, thus causing a fatal drawback in prac- 
tical applications. 

50 

SUMMARY OF THE INVENTION 

In a conventional FET using a compound semi- 
conductor, remarkable improvement of electron 
55 mobility has been noticed as electrons in a channel 
are made lower in dimensions (three dimensions 
(Fig. 46) -* two dimensions (Fig. 47)), and the 
value thereof has shown a rising tendency due to 
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improvement of crystal purity. Of late years, how- 
ever, the value of mobility has been almost satu- 
rated and improvement of the value of transcon- 
ductance which depends on mobility has also 
reached the limit. 

High-speed of a device being demanded at 
present, an FET which is capable of higher speed 
operation is demanded. Thereupon, it is a first 
object of the present invention to provide an FET of 
high speed performance having high transconduc- 
tance which exceeds the present upper limit value. 

Further, in a conventional compound semicon- 
ductor device, lattice mismatch between a sub- 
strate and a grown layer causes generation of 
lattice defects, deterioration of device characteris- 
tics attended therewith and so on, thus causing a 
serious issue at the time of device production. 
Therefore, a hetero junction system which is ap- 
plicable to a device has been limited only to a 
portion of a system in which the lattices are match- 
ing, for example, a GaAs-A£GaAs system and the 
like. It is a second object of the present invention 
to provide a new device structure in which a lattice 
mismatch system is also applicable. 

Furthermore, in a conventional compound 
semiconductor field effect transistor, it has been 
difficult to achieve a gate length of 0.1 u.m and less 
because the gate width depends on in-plane pro- 
cessing accuracy. Reduction of the gate length 
accelerates improvement of operation speed of a 
transistor. Thus, it is a third object of the present 
invention to provide an FET having a new structure 
which makes it possible to obtain a very short gate 
length at 0.1 urn and less. 

Further, in a ballistic transistor, the gate length 
required for pinchoff of a channel is restricted by 
an aspect ratio with respect to the channel depth 
(channel width in Fig. 48). Accordingly, in case of 
Fig. 48, it is also required to reduce the channel 
width in order to shorten the gate length. 

In a conventional ballistic transistor, however, 
the channel width is restricted by lithography tech- 
nique and nanofabrication technique. Accordingly, 
it is not possible to sufficiently shorten the channel 
width (which is obtained by adding the distance 
between anode and gate and the distance between 
cathode and gate to the gate length), and it has 
been required to cool the device with liquid nitro- 
gen so as to make the mean free path of electrons 
longer in order to evaluate device characteristics. It 
has been an impediment in practical application of 
a ballistic transistor that operation at room tempera- 
ture is difficult because of the limit on miniaturiza- 
tion of device dimensions. 

It is a fourth object of the present invention to 
provide a ballistic transistor which is capable of 
operation at room temperature and providing high 
performance. 



Furthermore, it is a fifth object of the present 
invention to provide a semiconductor device having 
one dimensional channel of good quality. 

An important point in above-mentioned semi- 

5 conductor vacuum microelectronic device is to in- 
crease emission efficiency of electrons at an emit- 
ter electrode. For that purpose, it is required to 
make an angle 0 at a tip of the emitter portion as 
small as possible. 

w However, since an emitter is formed by wet 

etching in a conventional microelectronic device, Q 
is determined almost uniformly and a tip cannot be 
formed to show a sharp angle at 10* and less. 
Further, dry etching may be adopted as the etching 

rs technique other than above-mentioned wet etching, 
but there has been such a problem in this tech- 
nique that damages remain in the crystal and it is 
hard to obtain stable electron emission. 

It is a sixth object of the present invention to 

20 provide a microelectronic device for solving above- 
mentioned problems in a semiconductor vacuum 
microelectronic device and a manufacturing meth- 
od of the same. 

A quantum wire formed by above-described 

25 conventional technique is surrounded by a medium 
having a larger dielectric constant than that of air, 
and cannot be formed in air or in a medium having 
a dielectric constant equal to that of air. Moreover, 
a plurality of conductive areas cannot be formed in 

30 one quantum wire. 

To be concrete, in a quantum wire formed by a 
conventional technique, a potential difference on 
electrons between a quantum wire and a barrier 
therearound has a limited magnitude, which is at 1 

35 eV and below typically. As a result, the electron 
confinement effect into a fine wire is small, and 
quantum confinement effect could not be revealed 
at a high temperature such as room temperature. 
This fact has caused a drawback that effective 

ao characteristic is not exhibited when such a quan- 
tum wire is used as a medium for laser oscillation. 
In other words, there has been such a problem that 
decay of important characteristics in application 
such as increase of spectrum width of oscillation 

45 light is caused. 

It is a seventh object of the present invention to 
form a quantum wire structure in air or in a me- 
dium having a dielectric constant equal to that of 
air. 

so It is an eighth object of the present invention to 

produce a structure having a plurality of conductive 
areas in a quantum wire. 

It is a ninth object of the present invention to 
provide an optical device using a quantum wire 
55 with conventional drawbacks eliminated. 

In order to achieve above-described first thru 
fifth objects of the present invention, a very fine 
(diameter at 0.1 um and less) semiconductor 
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whisker which has been grown epitaxialiy on a 
semiconductor substrate is used as a channel. The 
diameter of a whisker of the present invention has 
a value in the vicinity of the middle point of the 
whisker. When it is used in a semiconductor de- 
vice, the diameter of the whisker has a value in the 
vicinity of the middle point of the whisker in the 
device. 

Here, lattice match is not required between a 
semiconductor substrate and a material of a whisk- 
er. Further, it is possible to generate carriers flow- 
ing in a channel in the case of an FET by adopting 
well-known methods such as providing conductivity 
with the whisker itself or carrier generating mecha- 
nism in a HEMT. 

Further, it is possible to produce an FET hav- 
ing a short gate length by using a side of a gate 
electrode film formed on a semiconductor substrate 
as a gate. 

Next, an FET of the present invention will be 
described in a more concrete manner. Above-men- 
tioned first thru third objects may be achieved by 
an FET having a structure in which a conductive 
semiconductor substrate is used as a source (or a 
drain), a compound semiconductor whisker formed 
by epitaxial growth on the conductive smeiconduc- 
tor substrate is used as a channel, and a material 
selected in relationship with carrier generation, a 
gate, a material selected in relationship with carrier 
generation and a drain (or a source) are buried in 
this order so as to surround the whisker. 

Further, the above-mentioned fourth object of 
* the present invention may be achieved by a ballis- 
tic transistor having a structure in which an n-type 
semiconductor layer is used as a cathode, a com- 
pound semiconductor layer which becomes a part 
of a channel is formed on the n-type semiconduc- 
tor layer, whiskers are formed on this compound 
semiconductor layer, a Schottky gate, an insulator 
and an anode are buried in this order so as to 
suround these whiskers, and the length of a chan- 
nel consisting of the compound semiconductor lay- 
er and the whiskers is made to 400 nm and less. 
Here, a structure in which whiskers are used in 
place of the compound semiconductor layer and 
buried with an insulator so as to surround the 
circumference thereof may be adopted, too. 

The operation of an FET of the present inven- 
tion will be described taking Fig. 1 as an example. 
The FET in Fig. 1 shows a case in which carriers 
are electrons. Electrons reach a drain electrode 3 
from a source electrode 5 through a conductive 
semiconductor substrate (source) 11 and whisker 
channels 1. A material of a layer shown at 6 is 
selected in relationship with carrier generation in 
the channels. In case the whiskers themselves 
have conductivity, an insulating material is select- 
ed, and when the whiskers have no conductivity 



(undoped), a HEMT mechanism for instance, i.e., 
an n-type semiconductor having smaller electron 
affinity than that of the whiskers is selected. In this 
case, a band diagram at a junction portion between 
5 the whisker channels 1 and the n-type semiconduc- 
tor layer 6 is as shown in Fig. 2, and a one 
dimensional electron gas (1 DEG) is confined in the 
whisker channels 1 . The gate length L is in accord 
with the film thickness of a Schottky gate 2. By 
70 varying the applied voltage of the Schottky gate 2, 
the flow of electrons e~ in the one dimensional 
electron gas (1 DEG) confined in the whisker chan- 
nels 1 is controlled. This fact will be described in 
detail with reference to Fig. 3, Fig. 4, Fig. 5a and 
15 Fig. 5b. Fig. 3 shows a case in which a junction 
portion between the whisker channel 1 and the 
Schottky gate electrode 2 has been extracted. By 
varying the applied voltage of the gate 2, a deple- 
tion layer 9 changes as shown in Fig. 4 in the band 
20 diagram of the junction portion, and the flow of 
electrons e~ is controlled. In order to show such a 
state in the concrete, sectional views in a parallel 
direction and in a vertical direction with respect to 
the channel at the gate portion in Fig. 3 are shown 
25 in Fig. 5a and Fig. 5b, respectively. 

Further, any gate construction that is able to 
control carriers may be employed- An electric cur- 
rent is controlled by means of a gate in a similar 
manner as above not only in the Schottky junction 
30 employed herein (Fig. 6 shows a sectional view of 
a gate portion taken along a dotted line W in Fig. 
1), but also in an MIS structure in which an insula- 
tor 13 shown in Fig. 7 is put between the gate 2 
and the channel 1 . 
35 The present invention is based on discovery of 
a technique to grow a semiconductor whisker hav- 
ing a diameter of 0.1 ixm and less on a semicon- 
ductor crystal. This whisker grows in a vertical 
direction with respect to the substrate surface 
40 (including not only vertical but inclined direction). 
According to this growth technique, control of a 
whisker growth position and whisker diameter is 
made possible. Further, very high electron mobility 
is expected in the channel because of very high 
45 quality of crystal and of a fact that elastic scattering 
caused by static ionized impurities and the like is 
suppressed by one dimensional nature of electrons 
in the channel. Such improvement of electron mo- 
bility brings about improvement of transconduc- 
50 tance which governs the operation speed of an 
FET, thus achieving a high-speed FET having large 
transconductance. 

Also, the whisker has a feature that no defect is 
contained in a crystal even in case it is grown on a 
55 semiconductor substrate having large lattice mis- 
match. Accordingly, even hetero junction having 
large mismatch which has been heretofore consid- 
ered to be inappropriate to a device may be ap- 
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plied to an FET according to the present invention. 

Furthermore, the film thickness of the gate 
electrode becomes the gate length and a very 
short gate length at 0.1 urn and less may be 
attained by forming the gate 2 so as to surround 
the channels 1 as shown in Fig. 1, Fig. 3 and Fig. 
5a. 

A case in which carriers are electrons has been 
described above, but it is a matter of course that 
similar effects are also obtainable when holes are 
used as carriers. 

Further, a ballistic transistor is actuated even 
when tho gate length is shortened since the sec- 
tional area of the whisker is small. Accordingly, it 
operates even if the film thickness of a Schottky 
gate is taken as the gate length. As a result, the 
channel length may be made short, and further- 
more, operation at room temperature becomes fea- 
sible since the whisker has a long mean free path 
of electrons. 

A sixth object of the present invention may be 
achieved by forming an emitter of a semiconductor 
vacuum microelectronic device with whiskers. 

The whisker can be formed by vapor phase 
growth utilizing thermal decomposition of an or- 
ganic metal, which will be described with reference 
to Fig. 22a thru Fig. 22c taking a case of GaAs as 
an example. 

An insulator 91 , a metal 92, an insulator 93 and 
a metal 94 are deposited in this order in a thin film 
form on a GaAs (111) substrate 90 (Fig. 22a). 

A hole 95 is bored through above-mentioned 
four deposited layers by photolithography (Fig. 
22b). 

A whisker 95* is grown on the substrate pro- 
vided v/ith above-mentioned hole 95 by or- 
ganometallic vapor phase epitaxy (Fig. 22c). Ac- 
cording to this technique, it is possible to have only 
one whisker grow at the bottom portion of the hole, 
i.e., on the face where the GaAs substrate is ex- 
posed when the dimension of the hole 95 is at 1 
Urn and less as described later with reference to 
Fig. 32. Moreover, the thickness and the length of 
the whisker can be controlled by growth time and 
raw material supply quantity. 

The reason why the whisker grows only at the 
bottom portion of the hole 95 in Fig. 22c is that 
selective growth of organometallic vapor phase epi- 
taxy is utilized as described later with reference to 
Fig. 33. 

Here, the tip of the whisker has a sharp con- 
figuration beyond comparison with a conventional 
emitter configuration shown in Fig. 49, and is best 
suited for electron emission with high efficiency. 

The seventh object of the present invention 
may be achieved by means of a quantum wire 
using a fine crystal in a whisker form. This is based 
on a new discovery that a fine crystal in a whisker 



form grows when vapor phase chemical reaction by 
organometallic thermal decomposition is utilized. 

Fig. 32 is a schematic diagram showing quan- 
tum wires according to the present invention. An 

5 insulating film pattern 302 is formed on a substrate 
301 , and GaAs which becomes quantum wires 304 
are grown selectively at windows 303. At this time, 
quantum wires were obtained when the dimension 
of an opening width D of the window provided on 

10 the insulating film pattern 302 is set to be approxi- 
mately 0.1 jLLm, a ratio D/d of the dimension d of 
the insulating film pattern 302 to the dimension D 
of the window is set to 1/100 and below, and the 
substrate temperature at the time of selective 

15 growth is set in a range of 350 - 480° C. 

The length (height) H of a quantum wire can be 
controlled by varying the raw material supply quan- 
tity and the growth time at the time of selective 
growth. 

20 According to the above-mentioned quantum 

wire forming method, selective growth is executed 
by forming an insulating film pattern on a substrate. 

A technique for forming quantum wire crystals 
without utilizing an insulating film pattern will be 

25 explained with reference to Figs. 39a and 39b and 
Fig. 40a through Fig. 40c. 

First, a technique shown in Figs. 39a and 39b 
will be described. 

For example, a focusing beam 375 of gallium 

30 is radiated at constant intervals onto the substrate 
surface using GaAs substrate B 374 having plane 
orientation (111), thereby to form gallium ion im- 
planted portions 376 in a checkers configuration 
(Fig. 39a). 

35 Here, it is possible to focus the gallium ion 

beam down to about 10 - 100 nm on the substrate 
surface, and the irradiated portion with the ion 
beam presents a state in which gallium elements 
are accumulated excessively. 

40 GaAs whiskers 377 are formed from the gal- 

lium ion implanted portions 376 by exposing the 
substrate irradiated with the gallium ions in an 
arsine (Ashfe) atmosphere (Fig. 39b). Here, the 
thickness of the whisker 377 is determined by the 

45 dimension of the excessively accumulated portion 
with gallium elements accumulated in gallium ion 
implanted portion 376. Namely, when the dimen- 
sion of the gallium ion implanted portion 376 is at 
approximately 50 nm in diameter, the thickness of 

so the whisker formed here becomes approximately 
40 - 50 nm. 

Next, a method shown in Figs. 40a through 40c 
will be described, taking a case in which GaAs 
(111) B is used as a substrate 380 on which 
55 whiskers are to be formed as an example. 

Linear grooves 382 are formed at constant 
intervals on the surface of substrate 380 using a 
scriber 381 (Fig. 40a). When it is assumed that the 
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width and the depth of the groove 382 are at 3 um 
and 1 um, respectively, and the interval between 
grooves is at 4 um, and the scriber is made to 
scan so as to meet at right angles on the substrate, 
only very small faces can be formed as non-cut 
faces 383 as shown in Fig. 40b. 

It is also possible to make the dimension of 
each of a plurality of non-cut faces 383 formed on 
the substrate 380 to be approximately 1 x 1 um 2 
for instance. 

Next, whiskers 384 are formed selectively on 
the non-cut faces 383 on above-mentioned sub- 
strate by organometallic thermal decomposition 
(Fig. 40c). Here, the reason why the whiskers are 
formed selectively on the non-cut faces only will be 
described later. 

A whisker growth mechanism will be explained 
with reference to Figs. 33a and 33b. 

Vapor phase growth of a compound semicon- 
ductor is performed by organometallic thermal de- 
composition on a substrate 341 on which a pattern 
of an insulating film 343 is formed. This vapor 
phase growth is performed after degrading regular 
film growth conditions (condition under which a film 
is not formed). Here, a raw material deposited on 
the insulating film 343 among those raw materials 
345 that reach the substrate while in vapor phase 
moves on the insulating film surface by thermal 
motion and vapor phase diffusion. During the pro- 
cess of movement, the new raw material is taken in 
from the vapor phase, thus forming growth species 
344. Further, growth species having larger dimen- 
sions are formed sometimes by means of nuclea- 
tion of respective growth species. These growth 
species reach the opening portion of the insulating 
film and adhere to the substrate surface, thus for- 
ming nuclei 342. 

When the raw material is supplied further, cry- 
stal faces having faster growth speed stretches 
preferentially from the growth nuclei 342 and be- 
come whiskers 346. The number, thickness and 
length of whiskers formed at the opening portion of 
the insulating film pattern 343 can be controlled 
easily by dimensions of the opening portion and 
the non-opening portion, the ratio of D to d, sub- 
strate temperature, raw material supply quantity, 
growth time, crystal plane orientation of the sub- 
strate and the like. 

Figs. 41a, 41b, 41 c and 41 d show schemati- 
cally plane orientations of crystals in which such 
whiskers are formed. In Figs. 41a through 41 d, 
orientations of bonding among Ga atoms and As 
atoms in a GaAs crystal and dangling bond on the 
surface are shown. Here, (111) A plane means a 
Ga atomic plane on (111) plane, and (111) B plane 
means an As atomic plane on (111) plane. 

It has been found that whisker growth of GaAs 
and InAs occurs preferentially on (111) B plane, 



i.e., an As atom plane, and is difficult to occur on a 
Ga plane of the GaAs substrate. 

Thus, it becomes possible to control a growth 
orientation of whiskers by selecting the plane ori- 
5 entation of the substrate appropriately. 

In Fig. 41a, since the direction of dangling 
bond of As atoms is perpendicular to the substrate 
surface, the whiskers grow also perpendicular to 
the substrate surface. 
w In Fig. 41b, it is shown that the directions of 

dangling bond of As atoms, i.e., [111] B have two 
equivalent directions having inclination at an angle 
of approximately 35° with respect to (001) plane of 
the substrate surface. Therefore, whiskers grow in 
75 these two equivalent directions. 

In Fig. 4c, the direction [111] B of dangling 
bond of As atoms has, on (110) plane, an inclina- 
tion at an angle of approxiamtely 55° with respect 
to the substrate surface (110). Accordingly, whisk- 
20 ers grow in this one direction only on the (110) 
plane. 

Fig. 41 d shows schematically sections where 
variety of planes B appear. 

Rg. 41 d shows schematically sections where 
25 variety of faces B appear. 

It will be noticed that, according as the B plane 
appears at (211)B, (311)B and (511 )B starting from 
(111)B, the number (density) of dangling bond of 
As atoms per unit plane gets smaller and the 
30 direction (angle) thereof varies. 

Thus, it is possible to control the forming den- 
sity of whiskers and the inclination angle of growth 
axes with respect to the substrate surface. 

Next, a technique of implantation of gallium 
35 ions will be described. 

On the gallium ion deposited portion 376 
shown in Fig. 39a, a crystal plane similar to nuclei 
342 shown in Fig. 33a is formed. When such a 
substrate is heated to 400 °C and an arsine gas 
40 (AsH 3 ) is applied onto the heated substrate, a 
GaAs nucleus is generated in the gallium ion im- 
planted portion 376 by thermal decomposition of 
AsH 3 , which becomes a whisker. It is preferable 
that ions are low melting point metals. A damage 
45 layer on the substrate surface may be used for 
nuclei. The damage layer is obtained by implanting 
ions so as to disturb a crystal structure of the 
substrate. 

Next, a technique of cutting a substrate me- 
so chanically will be described. 

In Fig. 40c, the whiskers are formed selectively 
on the arsenic face only when only a non-cut faces 
383 are arsenic faces (face B) and the surface in 
the groove 382 formed by cutting with a scriber is 
55 not an arsenic face. 

According to a quantum wire of the present 
invention, it is possible to form a quantum wire 
structure in air or a medium having a dielectric 
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constant equal to that of air. Therefore, it is possi- 
ble to enlarge the potential difference between a 
barrier and a quantum wire almost infinitely as 
shown in Fig. 38b. As a result, a confinement effect 
of electrons into a fine wire is increased, and 
conspicuous quantum confinement effect is real- 
ized even at a high temperature such as room 
temperature, being different from the past. This fact 
contributes epochally to improvement of character- 
istics of a device using such a quantum wire. 

Furthermore, it is possible to make the dif- 
ference in a dielectric constant between a quantum 
wire and a barrier therearound very large in the 
quantum wire according to the present invention. 
Therefore, it is possible to confine electric lines of 
force generated in the quantum wire in a fine wire 
very efficiently for instance. This acts to increase 
non-linear effects participated by electrons remark- 
ably, thus making it possible to realize an efficient 
non-linear logical device. 

It may be achieved to form a plurality of con- 
ductive regions in a quantum wiro which is the 
eighth object of the present invention by varying 
conductivity in an order of n-type and p-type suc- 
cessively in a longitudinal direction of the wire in 
the concrete. Since quantum wires have been 
formed in parallel with each other on a semicon- 
ductor substrate conventionally, it has been impos- 
sible to vary conductivity in a quantum wire. On the 
contrary, since quantum wires are generated in a 
direction perpendicular to a substrate, it is possible 
to vary conductivity in half-way of fine wires by 
•atmospheric control of a raw material gas source. 

The ninth object of the present invention may 
be achieved on the basis of using whiskers which 
have grown on a semiconductor substrate. 

In general, a whisker has such a feature that 
crystal defects are very little due to a unique 
growth mechanism. Accordingly, when these whisk- 
ers are used as a light emitting element for in- 
stance, non-emitting processes are decreased, thus 
making it possible to produce microelectronic de- 
vices having a high emission efficiency for a semi- 
conductor laser unit and a high optical modulation 
efficiency for an optical modulator. 

To be concrete, it is possible to grow whiskers 
on the semiconductor substrate first and implant 
carriers by applying an electric current thereto 
thereby to have them emit light. There are a semi- 
conductor laser, a light emitting diode (LED) and 
the like as a concrete light emitting element. 

Here, in order to improve the quantum confine- 
ment efficiency and to improve characteristics of 
the optical microelectronic device such as reduc- 
tion of the spectrum width and stabilization of the 
oscillation wavelength in a semiconductor laser, it 
is required that the diameter of a grown whisker is 
at 0.1 urn and less. When this value is exceeded. 



the quantum confinement effect becomes difficult 
to be revealed. 

In order to further improve the emission effi- 
ciency of an optical microelectronic device such as 

5 above-mentioned semiconductor laser, it is in- 
dispensable that electric properties are different in 
a longitudinal direction of a whisker where an elec- 
tric current is applied. In particular, it has been 
made clear that the emission efficiency is improved 

w remarkably when the electric property is changed 
from an n-type to a p-type or from a p-type to an 
n-type in the longitudinal direction. An emission 
spectrum width is narrowed substantially as com- 
pared with a conventional device, thus making it 

/5 possible to obtain laser light of high optical impu- 
rity easily. 

Fig. 42 shows a mechanism thereof, in which a 
lower half of a whisker 402 which has grown on an 
n-type semiconductor substrate 401 is formed into 

20 an n-type and an upper half thereof is formed into 
a p-type by mixing of a dopant. When a voltage is 
applied to this whisker as shown in the figure, 
carriers are implanted into the whisker, and light is 
emitted with high efficiency from a very small p-n 

25 junction formed in the whisker crystal. In this case, 
the n-type and the p-type may be made upside 
down naturally, and it is required to use a p-type 
semiconductor as the substrate at that time. 

Assuming that the electric property changes in 

30 a longitudinal direction in the whisker crystal, the 
emission efficiency is improved not only when the 
electric property changes from an n-type to a p- 
type, but also when it changes from an n-type to 
an i-type and further to a p-type. It is needless to 

35 say that the same holds true when the electric 
property changes from a p-type to an i-type and 
further to an n-type. 

Furthermore, it is required that a medium ar- 
ound the above-mentioned whisker is different from 

40 the material quality of the whisker and the electron 
affinity thereof is smaller than that of the whisker in 
order to reveal the quantum confinement effect. 
Further, when the surrounding medium is formed of 
an insulator, the quantum confinement effect may 

45 be revealed better. 

As a concrete substrate for growing a whisker, 
GaAs of InP of IH-V group compound semiconduc- 
tor is preferable in point of application. Further, the 
plane orientation of this semiconductor substrate 

so may be in any direction in principle, but particularly 
preferable plane orientation is either (110) or (111). 
In the case of this plane orientation, a whisker 
crystal grows perpendicularly to the substrate, thus 
producing tremendous advantage in point of ap- 

55 plication. 

This preferable plane orientation is either just 
(110) or (111), however, it is a matter of course that 
misorientation of the plane within 5° from above- 
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mentioned plane orientation is allowable. 

A means for producing such a whisker is vapor 
phase chemical reaction by organometaltic thermal 
decomposition. Fig. 43 is a schematic diagram 
showing a production method. An insulating film 
pattern 4 is formed on a substrate 403, and whisk- 
ers are grown selectively at window portions 405. 
At this time, a dimension of a window width D of 
the window provided on the insulating pattern 404 
has to be set to approximately 0.1 am, and the 
substrate temperature at the time of selective 
growth has to be set in a range of 350 to 480 C 
(temperature at which ordinary thin film growth 
does not occur). The length (height) of the whisker 
crystal can be controlled by varying the raw ma- 
terial supply quantity and the growth time. 

The operation of an optical microelectronic de- 
vice according to the present invention will be 
described hereafter. 

The present invention is based on that light is 
generated by implanting carriers into a whisker 
crystal having a small diameter. In this case, the 
whisker crystal having a small diameter reveals a 
quantum confinement effect of carriers. Therefore, 
it is required that the whisker crystal has a size 
with the diameter at 100 nm and less which pro- 
duces the quantum confinement effect. Further, the 
reason why a whisker crystal is employed is that 
crystal defects are essentially little and very high 
emission efficiency is obtainable. 

Further, it is for the purpose of implanting 
carriers into a whisker that electric property is 
varied in the longitudinal direction of the whisker 
crystal, and to be concrete there are a method of 
changing from an n-type to a p-type and a method 
of changing from an n-type to a p-type through an 
i-type. 

It is indispensable that the circumference ot a 
whisker crystal for such a microelectronic device 
has electron affinity smaller than that in the case of 
the whisker material. This is for confining carriers in 
the whisker crystal effectively. Furthermore, when 
the circumference of the whisker crystal is not a 
semiconductor but an insulator, the electric lines of 
force of carriers expand less outside of the whisker 
crystal, and thus, the quantum confinement effect 
becomes conspicuous. In other words, the material 
quality around the whisker crystal has an operation 
of amplifying the quantum confinement effect of 
carriers irrespective of the material whether a semi- 
conductor or an insulator. 

The reason why the plane orientation of the 
semiconductor substrate on which the whiskers are 
to be grown needs to be either (110) or (111) is 
that the axial orientation of the whisker crystal is 
either <110> or <111> and the whisker crystal grows 
perpendicularly to the substrate surface in the case 
of above-mentioned plane orientation. 



The reason why the whisker crystal grows by 
organometaliic vapor phase chemical reaction us- 
ing an insulating film with windows is as follows. 
First, when a raw material gas reacts and reaches 
5 above the insulating film, that which adheres to the 
insulating film moves on the insulating film surface 
by thermal motion and vapor phase diffusion. Dur- 
ing the process of movement, a new raw material 
is taken in from vapor phase, thus forming growth 
10 species. Growth species having a larger dimen- 
sions are formed sometimes by nucleation of re- 
spective growth species. 

These growth species reach the windows 
formed in the insulating film, adhere to the sub- 
75 strate surface and become nuclei. When the raw 
material is supplied further, crystal planes having a 
high growth speed extend preferentially from nuclei 
and become whisker crystals. The number, the 
thickness and the length of whisker crystals formed 
20 at the windows of the insulating film pattern can be 
controlled easily by the dimensions of the windows 
and the insulating film except windows, the ratio of 
D to d, the substrate temperature, the raw material 
supply quantity, the growth time, the crystal plane 
25 orientation of the substrate and the like. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Fig. 1 is a sectional view showing a structure of 
30 an FET according to the present invention. 

Fig. 2 shows a band diagram showing GaAs- 

nAlGaAs selective dope structure. 

Fig. 3 is a view showing the part of a channel 

and a gate in Fig. 1 . 
35 Fig. 4 shows a band diagram of a junction 

between a gate and a whisker channel. 

Fig. 5a and Fig. 5b are sectional views in a 

parallel direction and a vertical direction with 

respect to the channel shown in Fig. 3, respec- 
40 tively. 

Fig. 6 is a sectional view in which Schottky 

junction gate of the FET shown in Fig. 1 is cut 
along a dotted line W. 

Fig. 7 is a view similar to Fig. 6 in the case of a 
45 gate having an MIS structure in which an insula- 
tor is put between a channel and a gate. 
Fig. 8 is a sectional view showing the FET of an 
embdoiment 1. 

Fig. 9 is a plan view of an Si0 2 pattern formed 
50 on the substrate. 

Fig. 10 is a sectional view at a portion X shown 

in Fig. 9. 

Fig. 11 is a sectional view similar to Figs. 10 
when whiskers are grown on a substrate (1 1 1)B; 
55 Fig. 12 is a plan view showing the upper part of 
Fig. 8. 

Fig. 13 is a sectional view taken at a position of 
a dotted line W in Fig. 8. 



9 



a\S33ClD- <EP. 



0452950A2_I_> 



17 



EP 0 452 950 A2 



18 



Fig. 14 is a l D s - V os characteristic diagram of 
the embodiment 1 . 

Fig. 15 is a sectional view of an FET of an 
embodiment 2. 

Fig. 16a and Fig. 16b are views showing inclina- 
tions with respect to the substrate surface when 
whiskers are grown on substrates having a plane 
(110) and a substrate having a plane (211), 
respectively. 

Fig. 17 is a sectional view of a ballistic transistor 
in an embodiment 3. 

Fig. 18 is a sectional view of a ballistic transistor 
which is suitable for integration. 
Fig. 19a through Fig. 19f are manufacturing pro- 
cess drawings for Fig. 18. 

Fig. 20 and Fig. 21 are sectional views of ballis- 
tic transistors suitable for integration in an em- 
bodiment 4 and an embodiment 5, respectively. 
Fig. 22a through Fig. 22c are drawings showing 
production process of a whisker according to the 
present invention. 

Fig. 23 is a sectional view of a semiconductor 
vacuum microelectronic device in an embodi- 
ment 6. 

Fig. 24 is a sectional view of a three polar 
vacuum microelectronic device array in an em- 
bodiment 7. 

Fig. 25 is a perspective view showing a picture 
element portion of a color display in an embodi- 
ment 8. 

Fig. 26 is a sectional view of an electron emit- 
ting cell shown in Fig. 25. 

Fig. 27 is a plan view of a color display in which 
a plurality of picture elements shown in Fig. 25 
are integrated. 

Fig. 28 is a schematic diagram showing an 
electron beam convergent system which is con- 
structed by incorporating an electron gun in an 
embodiment 9. 

Fig. 29 is a schematic diagram of a large scale 
integrated circuit substrate using a semiconduc- 
tor vacuum microelectronic device in an em- 
bodiment 10. 

Fig. 30 is a schematic connection diagram be- 
tween integrated circuit substrates in Fig. 29. 
Fig. 31a and Fig. 31b are a sectional view and a 
perspective view of a vacuum measuring 
microelectronic device in an embodiment 11, 
respectively. 

Fig. 32 is a sectional view of quantum wires in 
an embodiment 12. 

Fig. 33a and Fig. 33b are schematic sectional 
diagrams showing a quantum wire forming 
mechanism according to the present invention. 
Fig. 34 is a diagram showing a relationship 
between the thickness and the growth time of a 
quantum wire. 

Fig. 35 is a sectional view showing an embodi- 



ment 13. 

Fig. 36 is a sectional view of an integrated 
circuit microelectronic device composed of a 
quantum wire light emitting circuit and an FET in 
s an embodiment 14. 

Fig. 37 is a current-voltage characteristic dia- 
gram of a pn junction diode in an embodiment 
15. 

Fig. 38a and Fig. 38b are energy band diagrams 
to of a quantum wire in the present invention, re- 
spectively. 

Fig. 39a, Fig. 39b, Fig. 40a, Fig. 40b and Fig. 
40c are schematic diagrams showing a forming 
method of whiskers according to the present 

15 invention. 

Fig. 41a, Fig. 41b, Fig. 41c and Fig. 41d are 
schematic diagrams of atomic coupling for ex- 
plaining growth axis directions of a whisker or a 
quantum wire according to the present invention. 

20 Fig. 42 is a schematic diagram showing a basic 

structure of an optical microolectronic device 
using a whisker crystal of the present invention. 
Fig. 43 is a schematic diagram showing a state 
of growth of whisker crystals. 

25 Fig. 44 is a schematic diagram showing a state 
of whiskers which have grown on a substrate in 
an embodiment 16. 

Fig. 45 is a sectional view of an optical 
microelectronic device in which whisker crystals 
30 shown in embodiments 1 6 and 1 7 are used. 

Fig. 46 is a sectional view of a conventional 
MOSFET. 

Fig. 47 is a sectional view of a conventional 
HEMT. 

35 Fig. 48 is a sectional view of a conventional 
ballistic transistor. 

Fig. 49 is a sectional view of a conventional Si 
vacuum microelectronic device. 
Fig. 50 is a sectional view of a conventional 
40 quantum wire. 

Fig. 51 is a sectional schematic diagram of a 
conventional quantum wire. 

DESCRIPTION OF THE PREFERRED EMBODl- 
45 MENTS 

Embodiment 1 

An embodiment 1 of the present invention will 
so be described with reference to Fig. 8. First, an n- 
GaAs layer 4 having a carrier density - 1 x 
10 18 /cm 3 is formed on a GaAs semi-insulating sub- 
strate 7 of (111 )B plane so as to form a conductive 
compound semiconductor substrate 11. Next, a 
55 Si02 film is formed in the thickness of 0.3 urn on 
the n-GaAs layer 4 by thermal chemical vapor 
deposition (CVD). Then, a Si0 2 film 8 is processed 
in a plane configuration having opening portions 
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each in a rectangular shape shown in Fig. 9. Fig. 
10 is a sectional view taken along a portion X 
shown with a dotted line. In the present embodi- 
ment, opening portions at 2 ixm pitch (d) each 
having dimensions £ = 10 urn and m = 22 urn 
are used. Each of these opening portions cor- 
responds to one piece of FET. As shown in a right 
part of Fig. 8, it is assumed here that a rectangular 
opening portion is divided into three portions S, D 
and G for convenience' sake. Next, undoped GaAs 
whisker channels 1 are grown selectively on the 
substrate by organometallic vapor phase growth 
(MOCVD method). It is possible to control density, 
length, outside diameter and the like of the whisker 
channel by growth conditions. Further, since these 
whisker channels have a property to grow in a 
direction <111)B, they grow vertically with respect 
to the substrate surface as shown in Fig. 11- Be- 
sides, in the present embodiment, the substrate 
temperature is set at 480° C. the raw material gas 
ratio of V group to Ul group (AsH 3 and TMG, 
respectively) is set at V/lll = 20, and the growth 
time is set to 200 sec. At this time, the density of 
the whisker 1 which has grown at the opening 
portion is 10 6 lines/mm 2 and the length thereof is at 
approximately 1 nm. This whisker channel 1 has a 
configuration in which the outside diameter thereof 
is reduced gradually as approaching a tip from a 
root portion of the crystal, but the intermediate 
portion thereof which joins with a gate 2 has an 
almost uniform outside diameter of 40 nm. Then, in 
order to confine electrons in the whisker channel 1, 
an n-AlGaAs layer 6A having a carrier density of 5 
x 10 l7 /cm 3 in the thickness of 0.5 urn is made to 
grow in a manner of burying the whiskers 1 by 
MBE or MOCVD. At this time, since the n-AlGaAs- 
GaAs junction has a well known selective dope 
structure and has a band diagram such as shown 
in Fig. 2, electrons are confined in the whisker 
channels 1. Naturally, a GaAs crystal doped in an 
n-type may be grown as the whisker channel 1 and 
SOG (Spin on Glass) or polyimide and the like may 
be used as an insulator 6A, but the above-men- 
tioned method is preferable in order to separate 
static-ionized impurities from electrons in the chan- 
nel so as to increase electron mobility in the chan- 
nel 1. Then, an n* InGaAs gate 2 having the film 
thickness of 50 nm is formed by MBE or MOCVD. 
The film thickness of 50 nm of this n InGaAs gate 
2 will be the gate length of the present FET. At this 
time, an interface structure between the gate 2 and 
the whisker channel 1 will appear as a Schottky 
junction such as shown in Fig. 4. Besides, a normal 
metal such as Au, At and Pt may be used as the 
gate. In succession, n-AlGaAs similar to 6A is 
formed in the thickness of 0.2 urn as a confine- 
ment layer 6B. Next, Au-Ge-Ni is formed and ap- 
plied with heat treatment as an ohmic drain elec- 



trode 3. Next, positive type resist is applied onto 
the surface thereof in the thickness of 1.1 urn, and 
the resist is removed only at the portion S at the 
opening portion shown in Fig. 9 using a photomask 
5 so as to remove it until the conductive layer 4 
appears by combining wet etching, dry etching and 
ion milling. Then, a high impurity density layer is 
formed using ion implantation, which is used as the 
source portion S. Then, resist is applied again, and 
to the resist is removed this time only at the portion G 
so as to remove it by wet etching and dry etching 
until the gate 2 is reached. Further, resist applica- 
tion and lithography are performed again, and the 
resist is left only at the portion D and a partial 
15 region of the areas S and G which are connected 
to the portion D, and the resist in other regions is 
removed. Next, Au-Ge-Ni is formed in the thickness 
of 0.3 urn by vacuum deposition. Excessive Au-Ge- 
Ni film formed on a drain electrode and the like is 
20 removed by lift-off, and a source electrode S, a 
drain electrode 3 and a gate electrode 12 are 
formed. With this, an FET according to the present 
invention shown in Fig. 8 is completed. Fig. 12 is a 
plan view of the present FET seen from above, and 
25 Fig. 13 is a sectional view when the gate 2 is cut at 
a position shown with a dotted line W. Incidentally, 
Fig. 13 is shown assuming that the sectional con- 
figuration of the whisker channel 1 is a regular 
hexagon, but this is a feature obtained generally in 
30 a whisker. This sectional configuration may also be 
made to be a circle under appropriate growth con- 
ditions. 

An important factor for determining electron 
mobility in a crystal at a low temperature exists in 

35 the quality of crystal thereof and a magnitude of 
elastic scattering probability in the crystal depend- 
ing on ionized residual impurities and the like. It 
has been found through analysis with an electron 
microscope that the whisker used as the channel 

40 has a very high quality of crystal including no 
dislocation, and further, elastic scattering caused 
by ionized impurities and the like in a one-dimen- 
sional electron gas is suppressed sufficiently as 
described previously. Accordingly, very high elec- 

45 tron mobility is achieved in the whisker. Further- 
more, in an FET according to the present embodi- 
ment, the gate 2 is formed so as to surround the 
whisker channels 1 as shown in Fig. 8 and Fig. 13. 
Therefore, the film thickness of the gate corre- 

50 sponds directly to the gate length L, thus achieving 
a very short gate length. As the most important 
parameter for determining the high speed perfor- 
mance of an FET, the transconductance gm 
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expres-* s ng a drain current amplification factor on 
the inc. iase of the gate voltage may be mentioned, 
gm has a relationship gm a £ with the gate length L 
and the electron mobility jx. Therefore, very large 
gm may be achieved by increasing u in the chan- 
nel and shortening the gate length L. Thus, it is 
realized that the FET according to the present 
embodiment is suited for increasing the high speed 
performance in the operation speed. 

Incidentally, GaAs is principally used in the 
production of an FET in the present embodiment, 
but there is naturally no problem in using other 
compound semiconductors such as InAs and InP of 
a binary system of InGaAs of a ternary system. 
Fig. 14 shows V DS -tas characteristics at 77K of an 
FET produced according to tho present embodi- 
ment. Here, the Vqs-Ids characteristics show ex- 
cellent FET characteristics measured in a wafer 
state, and very high transconductance which is not 
obtainable in an ordinary high integration FET has 
been obtained. Thus, it has been displayed that the 
FET in the present embodiment has excelleng high 
speed characteristics. 

Embodiment 2 

Next, another embodiment 2 will be explained 
with reference to Fig. 15. An n-type GaAs layer 4 is 
formed in the thickness of 0.5 um by MBE or 
MOCVD on a semi-insulating GaAs substrate 7 in a 
similar manner as the embodiment 1 . Next, a Si02 
film in the thickness of 0.3 urn having a square 
window pattern of d = 1 nm and I = m = 10 urn 
is formed on the n-type GaAs layer 4 by a method 
similar to that in the embodiment 1. The whisker 
channel 1 is grown in the next place, however, n- 
type InAs is used as the material in the present 
embodiment. The growth conditions of the InAs 
whisker 1 are set such that the growth temperature 
is 420° C, the ratio of V group raw material gas to 
II! group raw material gas (AsH 3 and TMI) is V/lll = 
360, and the growth time is 200 sec. The length of 
the grown InAs whisker 1 is approximately 1 urn, 
the density thereof is 10 G lines/mm 2 , and the out- 
side diameter of the intermediate portion thereof 
which is in contact with the gate 2 is approximately 
40 nm. 

Next, in the present embodiment, a source 
electrode 5 is formed in the film thickness of 0.2 
um so as to surround the whisker channel 1 as 
shown in Fig. 15. In this case, n InAs is used as 
the material of the source electrode 5. Then, an 
insulator layer 6A is formed in the film thickness of 
0.5 u.m. SOG (Spin on Glass) or polyimide having 
low viscosity is used as the insulator in this case. 
Furthermore, Au having the film thickness of 50 nm 
is deposited as the gate 2 so as to surround the 
whisker channel 1 in the similar manner as the 



embodiment 1. Here, when the whisker channel 1 
is buried with above-mentioned insulator layer 6A, 
the whisker channel 1 above the original buried 
region is also covered with a thin SOG at 10 nm 

5 and less. As a result, the junction between the gate 
2 and the whisker channel 1 has a MIS structure 
such as shown in Fig. 7, but the current control 
mechanism using a depletion layer is similar to the 
case of Schottky junction shown in Fig. 6. 

w Thereafter, an SOG layer 6B in the thickness of 

0.3 um and a drain electrode 3 with Au-Ge-Ni are 
formed. Furthermore, a configuration such as 
shown in Fig. 15 is completed by combining pho- 
tolithography and etching with each other in the 

w similar manner as the embodiment 1. The V DS - l DS 
characteristic of the present FET also shows an 
FET characteristic similar to that shown in Fig. 14, 
in which very high transconductance has been 
achieved. In the present FET, a whisker composed 

20 of InAs is used as the channel, and large lattice 
mismatch of 7.4% is produced with respect to 
GaAs of the substrate. However, the whisker has 
such a feature that no defect caused by lattice 
mismatch is involved. Thus, it is possible to obtain 

25 an excellent device even in a hetero junction sys- 
tem having large lattice mismatch such as the 
present embodiment. 

As described above, it has been found that the 
FET according to the present embodiment shows 

30 excellent high speed performance with high tran- 
sconductance. 

Incidentally, a substrate (111)B has been used 
in above-described two embodiments, but similar 
characteristic is obtainable when a substrate having 

35 another plane orientation such as (1 1 0) and (21 1 ) is 
used. At this time, however, the direction of the 
growth of the whisker which becomes the channel 
varies depending on the plane orientation of the 
substrate used in such a manner that the orienta- 

40 tion is at 55° with respect to a substrate shown in 
Fig. 16a on a plane (110) and at 70° as shown in 
Fig. 16b with respect to a plane (21 1). 

Since the channel extends in a vertical direc- 
tion (not necessarily 90°) with respect to the sub- 

45 strate in the FET according to the present inven- 
tion, it is possible to reduce the device area than 
an ordinary FET as shown in the above-mentioned 
embodiment, thus very high integration may be 
expected. 

50 

Embodiment 3 

Fig. 17 shows an embodiment of a device 
structure of a ballistic transistor according to the 
55 present invention. Fig. 17 shows a case of a single 
microelectronic device, in which an undoped GaAs 
layer 21 is grown in the thickness of 0.02 to 0.1 
jim on an n-type GaAs substrate 22 doped with 



12 

BNSDOCID: <EP 0452950A2J_> 



23 



EP 0 452 950 A2 



24 



donor impurities in high density, and undoped 
GaAs whisker channels 1 having a diameter of 
approxiamtely 0.1 um and a length of 0.5 urn and 
more is grown thereon. An ohmic metal 24 is 
deposited on the underside of the GaAs substrate 5 
22 as a cathode electrode, and a Schottky metal 23 
is deposited in the thickness of approximately 0.1 
um at the tail of the whisker channels 1 as a gate 
electrode. An ohmic metal 25 is provided at the 
whisker channel portion which is apart from the 70 
gate electrode by approximately 0.1 am as an 
anode electrode, thereby to complete the ballistic 
transistor. In the figure, the whisker channels are 
formed vertically to the substrate, but it is only 
required to be perpendicular to the substrate and 75 
the whisker channels may also be formed ob- 
liquely. Undoped GaAs has been used for the 
GaAs layer 21 and the whisker channels 1, but 
donor impurities may be doped in the order of 1 x 
10 u -10 l5 /cm 3 in order to reduce the channel resis- 20 
tance. 

It is possible to use Au, AuZn, AuGe, Cu, In, 
N* -AlxGavxAs, rvf-lnxGaLxAs and the like for oh- 
mic metals 24 and 25, and to use Ti, Pt, At, Mo, 
W, TiW, WAl, WSix, MoSi x , CoSi x and the like for 25 
the Schottky metal 23. 

It is possible to form a device by using Ge or 
Si for the n-type semiconductor substrate 22 and 
having a compound semiconductor grow 
heteroepitaxially thereon. Further, GaAs has been 30 
used as the compound semiconductor for explana- 
tion purpose in the present embodiment, but an- 
other compound semiconductor such as InAs, In- 
GaAs and InSb may be used. 

It is also possible to use a different type of 35 
compound semiconductor for the compound semi- 
conductor layer 21 and the whisker channels 1. For 
example, it is possible to use an ln x Ga l0 ,As inclined 
composition layer (GaAs on the substrate side) for 
the compound semiconductor layer 21 and InGaAs 40 
or InAs for the whisker channels 1 or to use GaAs 
for the compound semiconductor layer 21 and 
ln x Gai. x As compositionally graded layers (GaAs on 
the substrate side) for the whisker channels 1 and 
no forth. 41 

Fig. 18 shows a device structure in case of 
being used as anintegrated circuit. An n-type semi- 
conductor having a carrier density in the order of 1 
x 10 14 -10 16 /cm 3 may be used for the compound 
semiconductor layer 21 other than an undoped 5 
semiconductor. In order to reduce contact resis- 
tance between the whisker channel and the anode 
electrode, an insulating film 27 is adhered in the 
thickenss of 0.1 urn after forming the gate elec- 
trode 23, and the circumference of whisker chan- 55 
nels 1 projecting from an insulating film 27 is 
covered with an n^lnxGa^xAs compositionally 
graded layers (InAs on the outside) 26 doped with 



donor impurities at high density so as to utilize it 
as a nonalloyed ohmic layer. 

Fig. 19a through Fig. 19f show a manufacturing 
method of the device shown in Fig. 18. A case of 
GaAs will be explained for the sake of simplicity, 
but it is possible to use other compound semicon- 
ductors. 

(a) An n*-GaAs layer 22 (3 x 10 18 /cm 3 ) is accu- 
mulated in the thickness of 400 nm and an n- 
GaAs layer 21 (1 x 10 15 /cm 3 ) is accumulated in 
the thickness of 100 nm on a semi-insulating 
GaAs substrate 29 by molecular beam epitaxy 
(MBE), a prototype of a microelectronic device 
is formed by etching, and a Si0 2 film 28 is 
coated in the thickness of 50 nm, and the S»0 2 
film 28 is removed thereafter in the whisker 
channel forming region so as to expose a GaAs 
interface. 

(b) Whiskers 1 composed of n-GaAs (5 x 
I0 14 /cm 3 ) are formed on the exposed GaAs in- 
terface by organometallic chemical vapor phase 
deposition (MOCVD). The whisker 1 has a diam- 
eter of approximately 0.1 um and a length of 0.5 
um and more. Thereafter, a Schottky metal 
(WSi x ) 23 is adhered in the thickness of 0.1 um 
by sputter deposition. 

(c) After processing the Schottky metal 23, non- 
electrical insulators (SOG or polyimide) 27 are 
applied in the thickness of 0.05 um, and the 
Schottky metal 23 adhered to the whiskers at 
the portion projecting from the insulators 27 is 
removed by dry etching. Thereafter, non-elec- 
trical insulators 27' are applied again in the 
thickness of 0.05 um. 

(d) After removing insulators 27 and 27* in the 
cathode electrode forming region, an n - 
InxGa^xAs compositionally graded layers 26 (x 
= 0.8 on the substrate side, x = 1.0 on the 
outside, and carrier density: 5 x 10 l8 /cm 3 ) is 
grown epitaxially selectively by MOCVD in the 
thickness of 0.2 um as a nonalloyed ohmic 
layer, and InAs (carrier density: 5 x 10 l8 /cm 3 ) is 
grown further selectively in the thickness of 0.2 
um. 

(e) Si0 2 is coated in the thickness of 0.2 um as 
an intermediate insulators 26. 

(f) The intermediate insulators 26 are removed 
in the region where the electrode is taken out, 
and an interconnect metal (Al or Au) is depos- 
ited by sputtering and processed so as to form 
interconnections 30, 31 and 32, thereby to com- 
plete the present embodiment. 

Embodiment 4 

A gate electrode has been formed at the tail of 
the whisker channel in the device structure shown 
in Fig. 18, but it is also possible to provide a gate 
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electrode in an intermediate part of the whisker 
channel, and an embodiment in such a case is 
shown in Fig. 20. After the whiskers 1 are formed 
on a compound semiconductor layer 21 (carrier 
density: 1 x 10 16 /cm 3 , film thickness: 0.05 urn), 
non-electrical insulators 27 are applied in the thick- 
ness of 0.05 urn, and, after depositing the Schottky 
electrode 23 in the thickness of 0.1 urn and pro- 
cessing it as a gate electrode, non-electrical insula- 
tors 27' are applied in the thickness of 0.05 um so 
as to form a nonalloyed ohmic layer 26. In the 
present device structure, it is difficult to abridge the 
channel length, but, on the other hand, there is 
such an advantage that the parasitic capacitance of 
the gate electrode may be reduced lower than that 
in the case of the embodiment 3. 

Embodiment 5 

When the carrier density of the compound 
semiconductor layer 21 is made high, it becomes 
possible to commonly use the layer 21 with the n- 
type semiconductor layer 22. An embodiment in 
this case is shown in Fig. 21 . In the present device 
structure, there is such a drawback that the para- 
sitic capacitance between the n-type semiconduc- 
tor layer 22 and the gate electrode 23 is increased. 
Thus, it is required to make the thickness of the 
non-electrical insulator 27 in a first layer to be 0.15 
U.m and more in order to reduce the parasitic 
capacitance between the n-type semiconductor lay- 
er 22 and the gate electrode 23 and to avoid 
diffusion of donor impurities from the n-type semi- 
conductor layer 22 to the whisker channels 1 . 

According to embodiments 1 to 5, elastic scat- 
tering of electrons in the channels is suppressed 
and electron mobility is increased by a large mar- 
gin because of good quality of crystal and the 
effect of forming the electron gas in one dimension 
by using whiskers as the channel. Accordingly, it is 
possible to make the transconductance very high in 
the case of an FET in keeping with the above. 

Further, these whiskers have a feature that no 
defect is included inside thereof even when the 
whiskers are grown on a semiconductor substrate 
having large lattice mismatch. Accordingly, a 
hetero junction system which has been heretofore 
considered inappropriate for a device can be ap- 
plied. 

Furthermore, in an FET according to the 
present invention, it is possible to have the film 
thickness of the gate correspond directly to the 
gate length and to achieve a very short gate length 
at 0.1 urn and shorter. 

Further, it has been difficult for a conventional 
ballistic transistor to operate at room temperature 
due to a restriction by element dimensions. Ac- 
cording to a ballistic transistor of the present inven- 



tion, however, there is an effect that operation at 
room temperature becomes easy by means of an 
effect that the channel length can be shortened and 
an effect that the mean free path of electrons 

5 becomes longer. 

Since it is possible to use a material which is 
different from that of substrate materials for the 
whisker channels, such an effect is obtainable that 
device performance may be improved by using 

w materials having large electron mobility such as 
InAs and InGaAs for the whisker channels. Further, 
an element semiconductor such as Si and Ge may 
be used as the whisker. 

rs Embodiment 6 

A semiconductor vacuum microelectronic de- 
vice of an embodiment 6 will be explained with 
reference to Fig. 23. 

20 A Si02 insulator 111 was deposited by the 

CVD on a (111)B plane oriented substrate 110, 
which is doped with Si to be of n-type conductivity, 
to a thickness of 1 urn, and thereafter, a Mo metal 
112 was deposited to a thickness of 0.2 Jim by 

25 vacuum deposition, a Si02 insulator 113 was de- 
posited again to a thickness of 0.5 urn by CVD, 
and a metal W 114 was deposited to a thickness of 
0.1 urn by vacuum deposition. 

Next, a hole is bored through above-mentioned 

30 four layer deposits 111 through 114 by photolithog- 
raphy. In the process of boring the hole, it is 
possible to make the diameter d of the hole in 
metals 112 and 114 a little smalle7than the hole in 
insulators 111 and 113 by applying dry etching to 

.35 the metals 112 and 114 and combining dry etching 
and wet etching on insulators 111 and 113. The 
diameter d of the formed hole was 0.3 nm. 

Next, a GaAs whisker 115 is grown perpen- 
dicularly to the substrate surface by organ ometal lie 

40 vapor phase growth. Here, the growth conditions of 
whiskers are such that the substrate temperature is 
380 ° C, the growth time is 300 seconds, a gas of 
trimethylgallium (TMG) or triethylgallium (TEG) is 
used as the IH group Ga raw material, and a gas of 

45 triethylarsenic (TEAs) is used as the V group As 
raw material. A whisker which has been grown 
under above-described growth conditions had a 
length (height) of 0.6 urn, a thickness at a root 
portion of 0.1 urn, an angle 0 at a tip (which 

so corresponds to 6 in Fig. 49) of 5° , and a radius of 
curveture at the tip of 10 nm. 

When a potential difference at 70 V is applied 
between an emitter and an anode and a potential 
difference at 30 V is applied between an anode and 

55 a gate with a GaAs whisker 115 as the emitter, a 
metal 112 as the gate and a metal 114 as the 
anode, 100 to 500 microamperes as a radiating 
current from the emitter and transconductance at 
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100 to 600 microsiemense were observed. 
Embodiment 7 

A single microelectric device has been de- 
scribed in the embodiment 6. In the present em- 
bodiment, a plurality of microelectric devices are 
formed on the same substrate so as to form a 
three polar vacuum microelectronic device array, 
thereby to improve the current driving capability as 
the whole microelectronic device. 

In Fig. 24, GaAs whiskers are used as emitters 
125, and metallic gates 122 and metallic anodes 
124 are produced similarly to the embodiment 6, 
respectively. In the microelectronic device array 
shown in Fig. 24, the emitter electrodes 125 are 
arranged in a checkers configuration on a substrate 
120 at intervals of 120 urn. 

When a potential difference at 100 V was ap- 
plied between the emitters and the anodes and a 
potential difference at 70 V was applied between 
the gates and the anodes in the microelectronic 
device array, the radiation current from the emitters 
reached 10 5 amperes/cm 2 per unit area of the 
microelectronic device and a sharp increase in 
current driving capability was observed as com- 
pared with a single microelectronic device. 

Furthermore, modulation and amplification at 
1,000 gigahertz (1 terahertz) are feasible with re- 
spect to the high speed operation characteristic of 
the microelectronic device due to short electron 
drift time at 0.1 picosecond between the emitters 
and the anodes. 

Embodiment 8 

The whiskers were integrated as cold-cathode 
emitters, thereby to produce a plane color display. 

Fig. 25 is a perspective view showing a struc- 
ture of a picture element portion of the present 
color display. Gate electrodes 132, 133 and 134 
are arranged through an insulating film 131 on a 
substrate 130 having a base portion 142 provided 
with conductivity by ion implantation. Rectangular 
windows where the emitters are formed are formed 
on these gate electrodes and the insulating film 
131, which form electron emitting cells 135. Flu- 
orescent screens 137, 138 and 139 are formed on 
a glass plate 140 opposing to respective gate elec- 
trodes 132, 133 and 134. A transparent electrode 
film 141 is formed between the fluorescent screens 
137, 138 and 139 and the glass plate 140. The 
transparent electrode film 141 is obtained by coat- 
ing indium and tin oxides (ITO), and is used as an 
anode. The glass plate 140 is kept apart from the 
emitters or the gate electrodes by about 50 urn 
using pole braces 136 so that insulation between 
electrodes may be maintained even when a poten- 



tial difference at 1 ,000 V is generated between the 
anode and the emitter. 

Fig. 26 is a schematic diagram showing a 
sectional structure of an electron emitting cell 135 
5 on which a cold-cathode emitter is formed. A base 
portion 154 provided with n-type conductivity by 
ion implanation is formed on a substrate 150, a 
Si0 2 insulating film 151 is accumulated thereon in 
the thickness of 1 urn, and then a metal W which 
70 becomes a gate electrode 152 is adhered in the 
thickness of 0.1 am by sputtering. Next, an open- 
ing portion is provided in the metal W and the 
insulating film by photolithography. When the 
opening portion of the metal W has a square hav- 
75 ing a dimension of one side at D, the Si0 2 insulat- 
ing film 151 is applied with lateral overetching by 
wet etching so that the opening portion thereof 
becomes larger than D. 

In the present embodiment, D = 10 urn. Next, 
20 GaAs whiskers were grown in the opening portion 
by organornetallic thermal decomposition. Each of 
the whiskers has a length of 0.5 urn and the 
thickness at the root of 0.1 urn, and whiskers have 
grown at a rate of 100 - 150 pieces in a square 
25 opening portion. Each of the whiskers acts as an 
emitter, but stabilized current emission is made to 
be obtainable as the whole emitters by increasing 
the number thereof as in the present embodiment. 
That is, color shade of the display itself may be 
30 prevented by stabilizing emission current from the 
emitters. 

Fig. 27 is a plan view of a color display in 
which a plurality of picture element portions shown 
in Fig. 25 are integrated. A display plane 160 is a 
35 square 5 cm by 5 cm, and a base electrode 
column 162 and a gate electrode column 163 are 
formed along the peripheral portion thereof. How- 
ever, the dimension of the display plane is not 
limited to the present embodiment, but is applica- 
40 ble up to the upper limit of the dimension usable in 
a photolithography process. 

In the present color display, whiskers are used 
for emitter electrodes, which provide high electron 
radiation efficiency, and 100 pieces and more of 
45 whisker emitters are provided in one electron emit- 
ting cell 135. Thus, it is possible to realize a high 
luminance color display with a drive voltage at 10 
to 20 V. 

so Embodiment 9 

A whisker is applied to an electron gun as an 
electron emitting emitter. Fig. 28 shows schemati- 
cally a construction of an electron beam conver- 
55 gent system in which the electron gun is incor- 
porated. Here, an emitter 173 is a portion com- 
posed of a whisker. The manufacturing process 
which has been described with reference to Fig. 23 
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may be applied to forming of the emitter 173. The 
use as an electron gun is also applicable to an 
electron source of an electron beam diffraction 
apparatus and an electron beam exposure device 
other than the above-mentioned. 

Embodiment 10 

A vacuum semiconductor microelectronic de- 
vice similar to that shown in Fig. 23 was produced 
using whiskers as colod-cathode emitters and used 
in a circuit connecting portion of a large scale 
integrated circuit. Fig. 29 and Fig. 30 are schematic 
diagrams showing an embodiment. 

Fig. 29 is a perspective view showing a Si chip 
of a 128 megabit dynamic random access memory 
(DRAM). On an integrated circuit substrate 190, 
there are provided electronic integrated circuit 
memory cell portions 191, 192 and 193 and elec- 
tron emission element arrays 194, 195 and 196 for 
write and read of records into and out of respective 
memory cell portions and for connection 197 be- 
tween memory cell portions. Above-mentioned 
electron emission element array consists of similar 
elements such as shown in Fig. 23. In a conven- 
tional integrated circuit, FETs and bipolar transis- 
tors are used and A I interconnection formed on 
the substrate for connection between elements. In 
such an interconnection system, time delay in sig- 
nal transmission is increased by electric resistance 
and distributed capacitance of the interconnection 
itself when the degree of integration of elements 
reaches 100 megabits and more and interconnec- 
tion width becomes 0.3 um and less. In order to 
improve the high speed performance of the in- 
tegrated circuit itself without lowering the operation 
speed thereof, it is recommended to adopt a space 
propagation system in place of an interconnection 
system. 

In an integrated circuit shown in Fig. 29, a 
vacuum semiconductor microelectronic device in- 
cluded in each electron emitting element array is 
acting as an emission source of signal transmitting 
electrons. On the other hand, electrons coming 
flying from another vacuum semiconductor 
microelectronic device reach an anode of other 
vacuum semiconductor microelectronic device to 
produce a signal current. 

Fig. 30 shows a schematic diagram in case 
above-mentioned system is used for connection 
among integrated circuit chips. The effect of the 
present system reveals itself more clearly because 
a signal transfer distance between chips is longer 
than the signal transfer distance in a chip in re- 
spective connections among integrated circuit sub- 
strates 200, 201 , 202 and 203. 

Besides, space propagation of electrons is em- 
ployed for connection 197 among memory cell 



portions and connection 204 among integrated cir- 
cuit substrates shown in Fig. 29 and Fig. 30, but it 
is a matter of course that an optical propagation 
system may be used. 

s When an optical propagation system in adopt- 

ed, the electron emitting element arrays 194, 195 
and 196 are replaced with quantum wire light emit- 
ting circuits shown in Fig. 36. 

In either system, a circuit using a whisker is 

10 the base thereof and the whisker itself can grow at 
a temperature of approximately 400 ° C. Thus, a 
manufacturing process in which Ai interconnection 
materials of a Si integrated circuit are not damaged 
may be constructed. 

15 

Embodiment 1 1 

A vacuum measuring microcircuit was pro- 
duced using whiskers as electron emission sources 

20 (emitters). 

Fig. 31a and Fig. 31b show a part of sectional 
structure of the relevant circuit and a perspective 
view of the whole unit 

Fig. 31a; a sectional structure of the circuit is 

25 similar to that shown in Fig. 23, but a plurality of 
holes 213 each having a diameter of about 1 to 100 
um are formed in a laminated layer of an insulator 
211 and a metal 212 for electron pullout electrode. 
GaAs whiskers 21 4 are grown at portions where the 

30 substrate surface is exposed inside the holes 213 
by org ano metal lie thermal decomposition with the 
metal 212 as a mask. Here, a plurality of whiskers 
may grow in one hole. 

Fig. 31b; Tungsten (W) was used for the holes 

35 213 where the whiskers 214 were formed on the 
substrate 210 and the electron pullout electrode 
metal 212. The circuit has dimensions 0.5 (L) x 0.5 
(W) x 0.2 (H) mm, which has been miniaturized by 
a large margin as compared with a conventional 

40 ionization vacuum gage having dimensions approxi- 
mately 5 to 10 cm. 

It has been found that the relevant circuit may 
be used for measurement of ultra-high vacuum at 
10~ 8 Pa and below as the result that an emitter 

45 current at 5 mA was obtained in a vacuum at 1 x 
10~ 8 Pa when a voltage at 50 volts was applied to 
the pullout electrode metal 212 in Fig. 31b. 

Further, a conventional ionization vacuum sys- 
tem could not be used for vacuum measurement in 

50 a pressure range of about 0.1 to 1 Pa because a 
hot-cathode was used. However, it has been found 
that the microelectronic device of the present in- 
vention can be used sufficiently due to its cold- 
cathode emitter system. 

55 Since the radius of curvature at the tip of the 

whisker can be made small when the whisker is 
used as an electron emission material as described 
in the above embodiments 6 to 11, the electron 
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emission efficiency is improved. Accordingly, the 
door is kept open to the application to a small- 
sized vacuum semiconductor microelectronic de- 
vice in which a stabilized cathode current is obtain- 
able as a cold-cathode. 

Embodiment 12 

A quantum wire in an embodiment 12 of the 
present invention will be described with reference 
to Fig. 32. 

An insulating film 302 composed of Si0 2 is 
accumulated in the thickness of 0.3 urn by CVD on 
a plane (111) of a semi-insulating GaAs substrate 
301. Thereafter, circular windows 303 are formed 
on the Si0 2 insulating film 302 by photolithog- 
raphy. A dimension d of the portion of the sub- 
strate 301 covered by the Si0 2 insulating film 302 
is set to 500 am, and the dimension D of the 
window 303 is set to 1 urn. 

Then, GaAs quantum wire-like whiskers are 
formed by organometallic thermal decomposition 
(MOCVD). 

Here, trimethylgallium (TMG) was used for the 
III group material, and arsine (AsH 3 ) was used for 
the v group material. Monocrystalline fine whiskers, 
each having a diameter of 50 nm and a length of 
800 nm, have grown perpendicularly to the sub- 
strate surface at the Si0 2 insulating film windows 
303 when the substrate temperature was at 450 C 
and the raw material gas feed time was at 300 
seconds. 

Fig. 34 is a graph showing a relationship be- 
tween the diameter W of the monocrystalline fine 
whiskers and the growth time. Here, the relation- 
ship is shown with the dimension D of the window 
303 and the dimension d of the portion of the Si0 2 
film 302 as parameters. 

When the dimension D of the window 303 is at 
1 nm and the dimension d of the portion of the 
Si0 2 film 302 is at 500 urn, a single crystalline fine 
whisker grows at the window 303. 

On the other hand, when the dimension D of 
the window is enlarged to 100 urn, a plurality of 
crystalline fine whiskers grow at the window 303, 
and the diameter of each fine whisker became 
smaller than the case when the dimension D of the 
window 303 is at 1 nm. 

Furthermore, as a result of an experiment per- 
formed using a substrate provided with no insulat- 
ing film 302, crystal growth in a fine wire form was 
not noticed at all, but only a flat monocyrstal film 
has grown uniformly on the substrate surface. 

Embodiment 13 

In the present embodiment, an A I GaAs epitax- 
ial growth layer is provided at a part of a GaAs 



substrate surface, and selective growth similar to 
that in the embodiment 12 was performed. 

Fig. 35 shows a sectional structure of a sub- 
strate after selective growth. Here, a substrate 351 
5 is composed of GaAs, and an A I GaAs layer 353 is 
grown epitaxially in the thickness of 0.1 urn on the 
substrate surface by MOCVD. Thereafter, a part of 
the A £ GaAs epitaxial layer is removed by etching, 
thereby to form a Si0 2 pattern 352. The thickness 
70 of Si0 2 was set to 0.3 urn. Next, when a GaAs fine 
whisker was tried to be formed by selective growth 
by MOCVD, a fine whisker has grown at a Si0 2 
window where the GaAs substrate is exposed. The 
diameter of fine whisker was about 50 nm in diam- 
15 eter and 2 urn in length. 

On the other hand, at the window of Si0 2 
where the A i GaAs epitaxial film is exposed, no fine 
whisker has grown, but epitaxial growth of GaAs 
has occurred in a uniform thcikness of 20 nm. 
20 With the embodiment 13, it has been found 

that the crystal of GaAs quantum wire-like whisker 
grows on GaAs only and does not grow on 
At GaAs and Si0 2 . 

25 Embodiment 14 

A circuit element in which a quantum wire-like 
whisker light emitting element and an FET were 
integrated on the same substrate was produced on 
30 the basis of growth characteristics of a quantum 
whisker obtained from the embodiment 13. 

Fig. 36 shows schematically a sectional struc- 
ture of such an integrated circuit element. 

In Fig. 36 in particular, a structure of a driver 
35 circuit portion consisting of a light emitting circuit 
and an FET is shown. In the quantum wire light 
emitting circuit, a fine whisker having a diameter 10 
nm composed of a pn junction of n-type GaAs 370 
and p-type GaAs 370 acts as a light emitting diode. 
40 Here, electron energy is split into discrete levels in 
a step form in a plane perpendicular to the fine 
wire in the pn junction diode fine wire by a quan- 
tization effect. 

Accordingly, when a forward bias is applied to 
45 the pn junction so as to apply an electric current, 
an emission spectrum by recombination of elec- 
trons and holes in the vicinity of the pn junction 
plane shows much better monochromaticity as 
compared with a conventional light emitting diode. 
50 Further, a laser resonator structure may be formed 
by selecting the material and the configuration of a 
matrix 373 which buries the quantum wire. In this 
case, the emission spectrum shows light of high 
incoherence. 

55 

Embodiment 15 

In the present embodiment, an InAs fine whisk- 
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er was formed in a similar manner as above-de- 
scribed embodiment in place of the GaAs fine 
whisker. The diameter of the fine whisker is at 10 
nm, and the motion of electrons in the fine whisker 
is restrained in a plane perpendicular to the fine 
wire by the quantization effect. A pn junction diode 
was produced using the InAs quantum wire. 

Fig. 37 is a schematic graph showing current- 
voltage characteristic of such a pn junction diode. 
The current- voltage chracteristic shows abrupt-fun- 
ctionwise operation by the quantization effect. In 
Fig. 37, V t - V 2 » 0.5 volt, and the abrupt function 
characteristic became more conspicuous when the 
microelectronic dovice was cooled down to a tem- 
perature at room temperature and below. 

Being different from a conventional pn junction 
diode, such a diode operates as a stable current 
source from which a constant current is obtainable 
against voltage drift, for example, at a voltage be- 
tween voltages Vi and V 2 . 

Incidentally, a case in which InAs is used for a 
material has been described in the present inven- 
tion. However, the quantization effect reveals itself 
more clearly by using other semiconductor materi- 
als having small effective mass of electrons such 
as InSb, GaAs and Ce. 

Furthermore, an accumulation method utilizing 
surface reaction of a raw material gas on the sub- 
strate surface may be used in a vacuum other than 
MOCVD described in the present embodiment as a 
forming method of a fine whisker. 

Embodiment 16 

A light emitting diode in an embodiment 16 of 
the present invention will be described with refer- 
ence to Fig. 44 and Fig. 45. 

An insulating film 408 composed of Si02 is 
accumulated in the thickness of 0.3 urn by CVD on 
an n-type GaAs substrate (carrier density: 10 18 
cm~ 3 , plane orientation (111) plane) 407. There- 
after, windows each having a size 15 urn x 15 urn 
are formed in a S1O2 insulating film 408 by pho- 
tolithography as shown in Fig. 44. The dimension d 
of the substrate portion 407 coated with the SiC)2 
insulating film 408 was set to 500 nm. Next, GaAs 
whisker crystals are formed by organometallic, 
thermal decomposition (MOCVD). Here, trimethyl- 
galiium (TMG) was used for the III group raw 
material and arsine (ASH3) was used for the V 
group raw material. When the substrate tempera- 
ture was at 450° C and the raw material gas supply 
time was at 300 seconds, a plurality of whisker 
crystals 409 composed of GaAs have grown at 
SiC>2 insualting film windows as shown in Fig. 44. 

The whisker had a uniform length of approxi- 
mately 2 urn, and measured approximately 10 nm 
in diameter. When photoluminescense from the 



whiskers was measured by irradiating these cry- 
stals with light from Ar ion laser having a 
wavelength of 0.53 urn, it was found that the 
wavelength of luminescense had shifted toward 

5 high energy side by approximately 1 00 meV at the 
liquid nitrogen temperature as compared with a 
case of an ordinary GaAs crystal. Thus, it has been 
proved that exciton light emission based on transi- 
tion between bands has shifted toward the high 

10 energy side in the whiskers by the quantum con- 
finement effect. 

Next, when similar whisker crystals were grown 
after varying the type of dopant on the way of 
growth under above-described crystal growth con- 

75 ditions, the electric property of the whiskers has 
changed on the way from an n-type to a p-type. 
The length and the diameter of the whisker were 
similar to the above-mentioned results. 

After having such whisker crystals grow, an i- 

20 typo Ato.3Gao.7As layer 410 was grown by an or- 
dinary method so as to bury whisker crystals as 
shown in Fig. 45. Furthermore, a p-type 
Afco.3Gao.7As layer 413 was grown thereon also by 
an ordinary method. 

25 When electrodes 411 and 412 were formed 

with ohmic junction on the top and the bottom of 
the substrate which has been grown lastly as 
shown in Fig. 45, and a voltage is applied so as to 
apply an electric current, light was emitted from the 

30 pn junction portion and the waveform thereof has 
shifted toward the high energy side by 100 meV 
(liquid nitrogen temperature) similarly to the case 
described previously. Thus, it means that the quan- 
tum confinement effect has revealed itself in the pn 

35 junction in this case, too. Further, full width of half 
maximum (FWHM) of light is 10 meV, which is 
very small as compared with an ordinary light 
emitting diode, and is smaller than that of what is 
called a luminescense diode. Thus, these whisker 

40 crystals are very effective as a light source for 
optical communication. 

Embodiment 17 

45 Both surfaces of the structure shown in Fig. 45 

were made into parallel mirror planes by cleavage, 
forming a laser resonator. The length of the resona- 
tor was set to 300 urn. Full width of half maximum 
of the laser beam which has oscillated from the 

50 end plane of the laser showed 200 MHz, which is a 
value one place down as compared with an or- 
dinary semiconductor laser of the same type. Thus, 
it is understood that a semiconductor laser utilizing 
whiskers is suitable as a light source for optical 

55 communication. 

Embodiment 18 
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In the structure shown in the embodiment 17, 
the electric property was changed from an n-type 
directly to a p-type in the longitudinal direction of 
the whisker. However, when an i-layer having the 
thickness of 0.1 txm was inserted between the n- 
type and the p-type laser oscillation occurred in a 
similar manner as the embodiment 17, and the 
threshold current density of oscillation is decreased 
to 150 A/cm 2 , which is about half as compared with 
a case of a conventional semiconductor laser. Also 
full width of half maximum of the oscillating light 
showed high performance of 20 MHz similarly to 
the case of the embodiment 1 7. 

Embodiment 19 

In the structure shown in Fig. 45, an insulating 
layer composed of polyimide isoin- 
droquinazolinedione (PIQ: Trademark of Hitachi 
Chemical Co., Ltd.) was used as the buried layer 
410, and electrode metallic layers forming ohmic 
junction directly thereon were formed. When an 
element consisting of such a structure was cut 
down to 250 urn long and an electric current was 
applied after inserting the element into a resonator 
system composed of mirrors each having the 
length of 300 urn, full width of half maximum of the 
emitting light was reduced further as compared 
with the case of the embodiment 17 and reached 
approximately 10 MHz. 

Embodiment 20 

In the embodiment 19, the whisker has simply 
changed from an n-type to a p-type in a longitudi- 
nal direction. However, when an i-layer was formed 
in the thickness of 0.1 Jim at the pn junction, the 
threshold current density of oscillation is decreased 
to 150 A/cm 2 , which is about half as compared with 
a case of a semiconductor laser. Full width of half 
maximum of the oscillating light also showed high 
performance of 10 MHz. 

Embodiment 21 

In all cases of above-described embodiments 
16 to 20, GaAs was used as the substrate and 
GaAs was also used as the whisker, but satisfac- 
tory results almost similar to the characteristics 
described in the embodiments 16 to 20 were also 
obtained when InP was used as the substrate. The 
obtained results will be shown collectively here- 
under. 

(1) The whiskers were changed half-way from an 
n-type to a p-type using n-type InP (10 19 cm -3 ) 
as the substrate 407. In GaAsP (gap wavelength: 
1 .55 urn) was adopted for whisker composition, 
i-type InP was adopted for the buried layer 410, 



and p-type InP was used for the layer 413 
thereon. When carriers are implanted by apply- 
ing an electric current after forming electrodes 
411 and 412. satisfactory results of 10 meV 
5 were obtained for the semiconductor width of 

emission light. 

(2) Both ends of the structure described in the 
above item (1) were made into parallel mirror 
planes by cleavage thereby to form a laser 

70 resonator. The length of the resonator was set to 
300 urn. A satisfactory value of 20 MHz was 
obtainable for full width of half maximum of light 
from this laser. 

(3) When a laser in which the InGaAs whisker 
75 crystal having a structure described in the above 

item (2) was changed from an n-type to an i- 
type (thickness of 0.1 um) and then to a p-type 
was produced, a satisfactory value of 100 A/cm 2 
was obtained for the threshold current density of 
20 oscillation. 

(4) When a laser was produced using an insula- 
tor composed of PIQ as the buried layer 410, a 
further satisfactory value of approximately 10 
MHz was obtained for full width of half maxi- 

25 mum of a laser beam. 

Embodiment 22 

A plane (111) was always used as the crystal 
30 substrate in above-described embodiments 16 to 
21 , but exactly the same satisfactory results as the 
case of a plane (111) were also obtained naturally 
in the case of the plane (111) with an optical 
element having an equivalent structure as those of 
35 the embodiments 16 to 21. Further, when a plane 
(100) was used as the substrate, exactly the same 
satisfactory results as the optical elements shown 
in the embodiments 1 to 5 were obtained except 
that whisker crystal were not grown perpendicularly 
40 to the substrate but grown in a direction inclined by 
approximately 30° from the perpendicular direc- 
tion. Furthermore, above-mentioned results were 
obtained when the plane orientation was along a 
crystal axis, but exactly the same satisfactory re- 
45 suits as the results described in the embodiments 
16 to 21 were obtained even when the plane ori- 
entation is shifted from the axis within 5° . 

According to the embodiments 16 to 22, car- 
riers are implanted by applying an electric current 
so to a whisker crystal having a small diameter and 
very little crystal defects. Accordingly, very impor- 
tant effects in point of characteristics such as re- 
duction in full width of half maximum and reduction 
in threshold current density in produced light emit- 
55 ting diodes and laser diodes are obtained by the 
quantum confinement effect. 

As described in above-mentioned embodi- 
ments, according to the present invention, produc- 
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tion of variety of elements such as a light emitting 
device becomes easier because quantum wire cry- 
stal can be formed in circumferential air or medium 
having a refractive index equivalent to or more than 
air. Thus, the way of application to variety of ele- 
ments utilizing the quantum effect is cleared. 

As the material for the whiskers, it is possible 
to use II! - V group compound semiconductors 
such as GaAs, AJtGaAs, InP, InGaAs, InAlAs, In- 
GaP, GaSb and InSb, II - VI group compound 
semiconductors such as HgTe, ZnSe, ZnS, ZnTe, 
CdTe and PbHgTe, and element semiconductors 
such as Ge and Si. 

Ciaims 

1. A semiconductor device, comprising: 

a semiconductor substrate (11) of one con- 
ductive type; and 

semiconductor whisker channels (1) which 
are grown epitaxiaily on said substrate (7) each 
having a diameter of 0.1 u.m and less; 

wherein both ends of said whisker chan- 
nels (1) are connected electrically to ohmic 
electrodes (3, 5). 

2. A semiconductor device according to Claim 1, 
wherein said whisker channels (1) form a chan- 
nel of a field effect transistor. 

3. A semiconductor device according to Claim 2, 
wherein said whisker channels (1) are buried 
with an insulator layer (6A), a gate film (2) and 
an insulator layer (6B) in this order so as to 
surround the circumference of said whisker 
channels (1), and the conductive type of said 
substrate (11) and whisker channels (1) is an 
n-type. 

4. A semiconductor device according to Claim 3, 
wherein said substrate is composed of a semi- 
insulating substrate (7) with an n-type GaAs 
layer (4) formed thereon, and said whisker 
channels (1) are composed of n-type InAs. 

5. A semiconductor device according to Claim 2, 
wherein said whisker channels (1) are buried 
with an n-type compound semiconductor layer, 
a gate film and an n-type compound semicon- 
ductor layer in this order, said n-type com- 
pound semiconductor has an electron affinity 
smaller than that of the compound semicon- 
ductor of said whisker channels (1), the con- 
ductive type of said substrate (11) is an n-type, 
and said whisker channels (1) are undoped. 

6. A semiconductor device according to Claims 3 
to 5, wherein said gate film (2) and said whisk- 



er channels (1) are joined with each other 
through Schottky junction. 

7. A semiconductor device according to claims 2 
5 to 6, wherein said whisker channels (1) grow 

prependicularly to said substrate surface. 

8. A semiconductor device according to Claim I, 
wherein said whisker channels (1) form a chan- 

w nel of a ballistic transistor, the length thereof is 

400 nm and shorter, a Schottky gate film (2) is 
formed on said semiconductor substrate (11) 
of one conductive type so as to surround said 
channel, the film thickness of said gate film (2) 

/s corresponds to the length of said channel, and 

said semiconductor substrate (11) of one con- 
ductive type is composed of an n-type com- 
pound semiconductor. 

20 9. A semiconductor device according to Claim 1, 
wherein an undoped compound semiconductor 
layer (21) is formed between said whisker 
channels (1) and said semiconductor substrate 
(22) of one conductive type, a channel of a 

25 ballistic transistor is formed with said undoped 

compound semiconductor layer (21) and said 
whisker channels (1), the length of the channel 
has the lenght of 400 nm and less, a Schottky 
gate film (2) is formed on said undoped com- 

30 pound semiconductor layer (21) so as to sur- 

round said channel, the film thickness of said 
gate film (2) corresponds to the length of said 
channel, and the conductive type of said semi- 
conductor substrate (22) of one conductive 

35 type is an n-type. 

10. A semiconductor device according to Claim 8 
or 9, wherein said whisker channels (1) are 
buried with an insulator layer at the top and the 
40 bottom of said gate film, and the whisker chan- 

nels (1) projecting from the upper insulator 
layer are buried with a highly doped n-type 
semiconductor layer. 

45 11. A semiconductor device according to Claims 8 
to 10, wherein said whisker channels (1) grow 
perpendicularly to said substrate surface. 

12. A semiconductor device, comprising a semi- 
50 conductor whisker (1) acting as a semiconduc- 
tor quantum wire. 

13. A semiconductor device according to Claim 
12, wherein said semiconductor quantum wire 

55 is formed by surrounding around the circum- 

ference of said semiconductor whiskers (1) 
with air or a medium having a refractive index 
equivalent to that of air, and the diameter of 
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each semiconductor whisker (1) is at 0.1 um 
and less. 

14. A semiconductor device according to Claim 12 
or 13, wherein said semiconductor quantum 
wire has a junction between different conduc- 
tive types. 

15. A semiconductor device according to Claim 12 
or 13, wherein said semiconductor quantum 
wire crystal has a hetero junction (dissimilar 
junction) of semiconductors included in 111 - V 
group compound semiconductors, II - VI group 
compound semiconductors and element semi- 
conductors. 

16. A semiconductor device according to Claim 
15, wherein said semiconductor quantum wire 
and a transistor are formed on the same sub- 
strate. 

17. A semiconductor device, comprising grooves 
(82) formed on a substrate surface, and semi- 
conductor whiskers (1) formed on the substrate 
surface except said grooves (82). 

18. A semiconductor device having a substrate 
and semiconductor whiskers (1) extending 
from said semiconductor surface, wherein a 
growth direction of said semiconductor whisk- 
ers (1) is in accord with the direction (111) of 
atomic dangling bond extending from elements 
forming the substrate surface outside of the 
substrate. 

19. A semiconductor device, comprising a sub- 
strate and a semiconductor whisker (1) formed 
through a mask composed of at least two 
layers having at least one opening portion pro- 
vided on said substrate on the substrate sur- 
face exposed in the opening region of the 
mask. 

20. A semiconductor device according to Claim 
19, wherein said semiconductor whisker (1) is 
in contact with the substrate surface at one 
end thereof and is apart from the substrate 
surface at another end thereof. 

21. A semiconductor device according to Claim 
19, wherein one line and more of said semi- 
conductor whiskers are formed in an opening 
portion of a mask. 

22. A semiconductor device according to Claim 
19, wherein in a mask opening portion in which 
said semiconductor whisker is formed, a first 
mask layer closest to the substrate is com- 



posed of an insulator and at least one layer 
among mask layers except said first mask 
layer is composed of a metal. 

5 23. A semiconductor device according to Claim 
19, wherein the wire tip of said semiconductor 
whisker acts as an electron emitting electrode, 
and the layer composed of a metal among 
mask layers acts as a control electrode for 

w controlling the number of electrons emitted 

from said electron emitting electrode. 

24. A semiconductor device consisting of a semi- 
conductor device set forth in Claim 23 and a 

75 substrate on which a fluorescent material is 

adhered, wherein light emission is obtained 
from the substrate on which the fluorescent 
material is adhered by means of electrons 
emitted from the semiconductor device. 

20 

25. A semiconductor device according to Claim 
23, wherein said semiconductor device is an 
electron beam source of a vacuum microelec- 
tronic device. 

25 

26. A semiconductor device, comprising an optical 
element in which light is emitted by applying 
an electric current to whisker crystals which 
have grown on a semiconductor substrate. 

30 

27. A semiconductor device according to Claim 
26, wherein at least one electric element is 
formed further on said semiconductor sub- 
strate. 

35 

2a A semiconductor device, wherein a diameter of 
a whisker crystal is at 0.1 um and less in the 
optical element set forth in Claim 26. 

40 29. A semiconductor device according to Claim 
26, wherein an electric property varies along a 
longitudinal direction of the whisker crystal in 
an optical element. 

45 30. A semiconductor device accoridng to Claim 
29, wherein an electric property is varied from 
an n-type to a p-type or from a p-type to an n- 
type in an optical element. 

so 31. A semiconductor device according to Claim 
29, wherein an electric property is varied from 
an n-type to an i-type and then to a p-type or 
from a p-type to an i-type and then to an n- 
type in an optical element. 

55 

32. A semiconductor device according to Claim 
26, wherein a medium around a whisker is 
different from a material quality of the whisker 
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and electronegativity is smaller than that of the 
material quality of the whisker in an optical 
element. 

33. A semiconductor device according to Claim 
26, wherein a medium around a whisker is 
composed of an insulator in an optical ele- 
ment. 

34- A semiconductor device according to Claim 
26, wherein a semiconductor substrate on 
which said whisker is made to grow is com- 
posed of GaAs or InP. 



40. A semiconductor device according to Claim 
38, wherein said II - VI group compound semi- 
conductor is at least one selected from a 
group composed of HgTe, ZnSe, ZnS t ZnTe, 
CdTe and PbHgTe. 

41. A semiconductor device according to Claim 
38, wherein said element semiconductor is 
composed of at least one selected from a 
group composed of Ce and Si, 

42. A manufacturing method of a semiconductor 
device, comprising at least: 

a process of forming a mask having an 
opening portion on a substrate; and 

a process of having a semiconductor 
whisker (1) grow in said opening region. 



43. A manufacturing method of a semiconductor 
device according to Claim 42, wherein said 
semiconductor whisker (1 ) is formed by vapor 
phase chemical deposition utilizing thermal de- 

5 composition of an organometallic compound. 

44. A manufacturing method of a semiconductor 
device according to Claim 42, wherein said 
semiconductor whisker (1) is formed by utiliz- 

70 ing surface decomposition reaction of an or- 

ganometallic compound on a substrate surface 
in a vacuum. 

45. A manufacturing method of a semiconductor 
device according to Claim 42, wherein an or- 
ganometallic compound or a hydride of at least 
one element selected from a group composed 
of Ga, As, A*, In, P, Sb, Hg t Te, Pb. Ge and Si 
is used as a raw material in the formation of 
said semiconductor quantum wire crystal. 

46. A growth method of a semiconductor whisker, 
comprising: 

a process of forming a damage layer on a 
substrate by implanting ions into a predeter- 
mined region on the substrate; and 

a process of exposing said substrate to a 
raw material gas so as to have a semiconduc- 
tor whisker (1) grow from said damage layer. 

47. A growth method of a semiconductor whisker 
(1) according to Claim 46, wherein the tem- 
perature of said substrate is within a range of 
350 to 480* C. 

48. A growth method of a semiconductor whisker, 
comprising: 

a process of adhering ions in a predeter- 
mined region of a substrate; and 

a process of exposing said substrate to a 
raw material gas so as to have a semiconduc- 
tor whisker (1) grow from said portion adhered 
with ions. 

45 49. A growth method of a semiconductor whisker 
according to Claim 48, wherein said ions are 
ions of a low melting point metal. 

50. A growth method of a semiconductor whisker 
so according to Claim 49, wherein the tempera- 
ture of said substrate is within a range of 350 
to 480 # C. 

51. A growth method of a semiconductor whisker, 
55 comprising: 

a process of cutting a substrate and mak- 
ing only a non-cut surface to be an arsenic 
surface; and 



35. A semiconductor device according to Claim is 

34, wherein a plane orientation of a semicon- 
ductor substrate on which a whisker is made to 
grow is oither (110) or (111) in an optical 
element 

20 

36. A semiconductor device according to Claim 

35, wherein shift of the plane orientation of a 
substrate is at 5° and less in the plane ori- 
entation of the semiconductor substrate. 

25 

37. A semiconductor whisker having a diameter at 
0.1 jxm and less. 

38. A semiconductor device according to Claim 

37, wherein said semiconductor whisker is 30 
composed of at least one of III - V group 
compound semiconductors, II - VI group com- 
pound semiconductors and element semicon- 
ductors. 

35 

39. A semiconductor device according to Claim 

38, wherein said ill - V group compound semi- 
conductor is at least one selected from a 
group composed of GaAs, A I GaAs, InP, In- 
GaAs, InAlAs, InGaP, GaSb and inSb. 40 
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a process of exposing said substrate to a 
raw material gas so as to have semiconductor 
whiskers (384) grow from said non-cut surface 
(383). 

5 

52. A growth method of a semiconductor whisker 
according to Claim 51, wherein the tempera- 
ture of said substrate is within a range of 350 
to 480 *C. 

70 
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